Objective: In patients with epilepsy, psychiatric comorbidities can significantly affect the disease course and quality of life. Detecting and recognizing these comorbidities is central in determining an optimal treatment plan. One promising tool in detecting biomarkers for psychiatric comorbidities in epilepsy is positron emission tomography (PET 
| INTRODUCTION
Psychiatric disorders are common in epilepsy, occurring in up to one-third of patients, with depression and anxiety being the most prevalent. 1, 2 Recognizing these psychiatric symptoms using objective parameters is crucial, as these comorbidities adversely influence the disease course, its management, and the patient's quality of life. 3, 4 Moreover, several antiepileptic drugs exert psychiatric side effects, and thus comorbidities must be taken into consideration for an optimal treatment plan. 5 Currently, the lack of validated biomarkers to detect psychiatric comorbidities is a major impediment to reliable diagnosis and successful therapeutic intervention. 6 Structural and functional neuroimaging techniques have identified common abnormalities in psychiatric syndromes and epilepsy and may therefore provide suitable biomarker candidates to aid in diagnosis and monitoring of comorbidities in epilepsy. 6 Positron emission tomography (PET) is a noninvasive technique that uses radioligands to allow in vivo quantification of parameters such as glucose metabolism and neuroreceptor binding. Using the glucose analogue, [ 18 F]
fluoro-2-deoxy-D-glucose ([ 18 F]FDG), frontal lobe hypometabolism has been observed in both primary depression and depression secondary to neurological disorders such as Parkinson and Huntington disease. 7 PET analyses in epilepsy patients point to an association of depressive disorders with an ipsilateral orbitofrontal, 8 a bilateral inferior frontal, 9 or a left temporal lobe hypometabolism. 10 Therefore, [ 18 F]FDG imaging may be a promising biomarker candidate. In addition to altered glucose metabolism, abnormalities in the serotonergic system have been linked to both epilepsy 11 and psychiatric disorders. 12 PET studies utilizing radiolabeled 5HT 1A receptor antagonists have demonstrated reduced 5HT 1A receptor binding in both patients with depression 13, 14 and patients with epilepsy. 15 In support of the use of serotonin imaging as a biomarker, several studies in patients with epilepsy have provided evidence of an inverse relationship between lowered hippocampal 5HT 1A receptor binding and the extent of depressive symptoms. 16, 17 Unfortunately, there is a paucity of studies exploring the association of imaging biomarkers and other neurobehavioral comorbidities or alterations in epilepsy patients as well as rodent models. In addition to developing spontaneous recurrent seizures, rodents with induced chronic epilepsy exhibit a multitude of neurobehavioral and biochemical alterations and are therefore suitable for evaluating comorbidity between epilepsy and psychiatric syndromes. 18, 19 Using an electrical post-status epilepticus (SE) model, the current study aimed to investigate an association between behavioral alterations, and changes in neuroimaging markers for brain metabolism and serotonin receptor binding. The behavioral paradigms and parameter were chosen to reflect neurobehavioral deficits in patients with epilepsy such as hyperactivity, increased anxiety, depressive disorders, and social behavior deficits.
2,20
2 | MATERIALS AND METHODS
| Animals
Forty-four female Sprague Dawley rats (180-220 g; Envigo, Horst, The Netherlands) were individually housed under controlled environmental conditions (22-24°C, 45%-60% humidity, Macrolon Type III cage) in a 12-hour dark-light cycle (light phase from 7 AM to 7 PM) with ad libitum access to food (Ssniff Spezialdiäten, Soest, Germany) and tap water. All animals were given 10 days to acclimatize to the housing facility. All animals received 14 g of bedding material (Enviro Dri; Claus, Limburgerhof, Germany) weekly. During the entire study, rats were scored daily for any signs of ill health and distress. In the period following electrode implantation and SE induction, animal health was evaluated more extensively using the Grimace scale and a modified Irwin scale. 20 previously described by Walker et al. 22 At the time of stimulation, the weight of the animals ranged between 222 and 276 g (SD = 11 g). Following a latency period of 8 weeks, post-SE and sham animals were monitored for 2 weeks (24 h/d) to detect spontaneous recurrent seizures.
Throughout the article stimulated animals tested during the early and latent phase are labeled "post-SE," whereas stimulated animals in the chronic phase are labeled "epilepsy." A more detailed description can be found in Appendix S1.
Five animals died as a result of electrical stimulation or associated procedures. Eight animals from the sham and epilepsy groups were euthanized related to the lack of recovery from SE, preexisting or spontaneous disease, or loss of electrode implants shortly after surgery. Total animal losses were 13 of 44 animals, leaving 28 animals for the majority of the experiments performed in the study; the specific number per group is stated with each figure. A further three animals lost their electrode at a later stage in the study. These animals remained in the study, and all resulting data were tested to check whether results from these individuals differed from their respective group (>2 SD from the mean). If this was the case, the animal was excluded from the analysis. 24 with the cerebellum as a reference tissue input.
| PET acquisition, reconstruction, processing, and quantification
MPPF has a low radiochemical yield, 25 and as a result of issues with tracer production, the injected specific activity in a number of animals was considered insufficient, resulting in a total number of 10 (three naive, four sham, and three animals with epilepsy). A detailed description of the μPET procedure can be found in Appendix S2.
| Behavior experiments
Behavioral experiments were performed throughout the entire study using the same animals and unless otherwise stated were performed in a soundproof test room with video-tracking software (EthoVision v8. 26 ; more details concerning the timeline of the study and the behavioral tests can be found in Appendix S3.
Following the behavioral experiments, the animals were sacrificed using pentobarbital (500 mg/kg intraperitoneal) and afterward transcardially perfused with saline followed by 4% paraformaldehyde. Brains were removed and cut in 40-μm sections using a freezing microtome. One series was stained with thionin to verify the appropriate electrode localization; a second series was used to evaluate neurodegeneration using immunohistochemical staining of NeuN as described by Bauer et al. 27 Adrenal glands were sampled and weighted, and serum was collected and subsequently analyzed for brainderived neurotrophic factor (BDNF), corticosterone metabolites, and oxytocin levels as described in Möller et al. 26 
| Statistics
Prism (v5.04; GraphPad, San Diego, California) was used for statistical analyses. Statistical differences between the three experimental groups were tested using a one-way analysis of variance followed by a Bonferroni multiple comparison post hoc test. Appropriateness of analysis of variance models was verified by analyzing the residuals.
Ordinal data (nest-building scores) was analyzed using the Kruskal-Wallis test followed by a Dunn multiple comparison post hoc test. Spearman correlation matrix and graphs were calculated using R version 3.4.3 3 and visualized using the R packages "corrplot" 28 and "ggplot2." 29 Animals with missing data were removed in individual correlations.
| RESULTS

| Development of self-sustained SE, spontaneous recurrent seizures, and neurodegeneration
Following stimulation of the basolateral amygdala, all animals developed type 3 SE, which is defined as fully generalized convulsive SE (as described in Appendix S1). After a latency period of 8 weeks, all animals developed generalized spontaneous seizures with an average of 8.8 seizures ( Figure S1A , SD = 8.0, median = 7) and an average total seizure duration of 605.6 seconds ( Figure S1B , SD = 626.5, median = 524) during the 2-week monitoring period. These spontaneous recurrent seizures were characterized by generalized convulsive activity (stage 4 and 5) with a few episodes of running-bouncing convulsions. Please note that we did not analyze additional focal seizures, as the detection would only be reliable with electroencephalography not prone to movement artifacts and/or 360°video monitoring. Postmortem, all animals were found to have their electrode implantation in the basolateral amygdala. Neurodegeneration was determined in the different subregions of the hippocampus and in the amygdala. Typical SE-associated neuronal cell loss was observed in the CA1 and CA3 regions of the hippocampus ( Figure S2 ). 
| Impact of electrically induced epileptogenesis and epilepsy on burrowing behavior
Together with nest building, burrowing behavior was used as a measure of "luxury" behavior, known to be affected by hippocampal damage and animal models of anhedonia. [30] [31] [32] Burrowing behavior was significantly affected during epileptogenesis in the acute phase 7 days post-SE ( Figure 2B , F 2, 27 = 42.93, P < 0.001). Rats with epilepsy burrowed significantly less gravel compared to both the naive (P < 0.001) and sham (P < 0.001) groups. A comparable effect was seen during the latent phase 4 weeks post-SE ( Figure 2C , F 2, 27 = 30.05, P < 0.001, post-SE vs either naive or sham P < 0.001) and during the chronic period 13 weeks post-SE ( Figure 2D , F 2, 26 = 16.36, P < 0.001, animals with epilepsy vs either naive or sham P < 0.001). In addition, the time until onset of burrowing proved to be prolonged in animals with a history of SE at all three time points ( Figure S3 ).
| Impact of electrically induced epilepsy on social interaction and saccharin preference
Active social interaction represents a sensitive measure of social behavioral deficits such as autism, which occur with an increased prevalence associated with epilepsy. 33, 34 Time spent in active social interaction was significantly lower in pairs of animals with epilepsy at 12 weeks post-SE (Figure 3A , F 2, 11 = 42.93, P < 0.001, epilepsy vs either naive or sham P < 0.001). In two pairs of animals with epilepsy, we observed aggressive behavior. A preference for saccharine over normal drinking water was used to assess anhedonia as one symptom of depression-associated behavioral patterns. Fourteen weeks post-SE, all animals showed a strong preference for the saccharine solution over regular water; however, this preference was significantly lower in the epilepsy group at both days of testing ( Figure 3B , F 2, 25 = 8.74, P < 0.001, epilepsy vs either naive or sham P < 0.01).
| Impact of electrically induced epilepsy on open field behavior
The open field test was performed to assess novel environment exploration and general locomotor activity. Motor VAN 
| Impact of electrically induced epilepsy on anxiety
Anxiety-associated behavior was tested in two behavioral paradigms, the elevated plus maze and the black and white box. In the black and white box, animals with epilepsy exhibited a longer latency before entering the black compartment ( Figure 5B , F 2, 25 = 4.73, P = 0.018, epilepsy vs either naive or sham P < 0.05). In contrast, no differences were observed in the time spent in the white compartment ( Figure 5A ), number of entries into the white compartment ( Figure 5C ), or frequency of stretching postures (Figure 5D ). In the elevated plus maze, animals with epilepsy spent more time in the open arms, both in the outer onethird of the arms ( Figure 5 , F 2, 19 = 4.93, P = 0.018, epilepsy vs naive P < 0.05) and in the complete arms (Figure 5E , F 2, 19 = 4.53, P = 0.025, epilepsy vs naive P < 0.05). Moreover, they exhibited a higher number of head dips compared to the two control groups ( Figure 5G , F 2, 19 = 5.81, P = 0.011, epilepsy vs either naive or sham P < 0.05). No group differences became evident in the total distance moved ( Figure 5H ). Six animals jumped off the platform (two animals from each group) and were therefore excluded from the elevated plus maze analysis. Combined results from anxiety tests indicate a slight decrease in anxiety-associated behavior or increase in activity in animals with epilepsy.
| Impact of electrically induced epileptogenesis and epilepsy on nest building
Previous studies performed in our laboratory demonstrated that nest scores stabilize at 4-5 days after animals receive new nesting material. 26 Therefore, differences in nest scores were evaluated on the 5th day. Significant differences were observed 1 week following SE induction, where post-SE animals showed lower levels of nest building (P = 0.033, post-SE vs naive P < 0.05). No differences were detected at any of the following time points: 1 week F I G U R E 2 Burrowing behavior during epileptogenesis and following epilepsy onset. A, Weight of burrowed gravel during baseline before electrode surgery and electrical stimulation, total n = 44. B-D, Burrowed weight during the acute phase 1 week post-status epilepticus (SE; B, total n = 31; naive, n = 12; sham, n = 9; epilepsy, n = 10), during the latent phase 4 weeks post-SE (C, total n = 30; naive, n = 12; sham, n = 9; epilepsy, n = 9), and during the chronic phase 13 weeks post-SE (D, total n = 29; naive, n = 12; sham, n = 8; epilepsy, n = 9). At all measured time points, the post-SE and epileptic animals performed significantly worse compared to the two control groups. Error bars indicate standard error of the mean. *** = P < 0.001
F I G U R E 3
Effect of epilepsy on social interaction and saccharine preference. A, Time spent in social interaction in seconds. Epileptic pairs spent significantly less time in active social interaction compared to both control groups. Total n = 14 pairs (naive, n = 6; sham, n = 4; epilepsy, n = 4). B, Percentage saccharine consumed as opposed to water. Although all animals preferred saccharine solution over water, saccharine preference was significantly diminished in rats with epilepsy compared to both control groups. Total n = 28 (naive, n = 12; sham, n = 8; epilepsy, n = 8). Error bars indicate standard error of the mean. *** = P < 0.001
postsurgery, 2 weeks post-SE, 4 weeks post-SE (latency phase), and 14 weeks post-SE (chronic phase).
| Impact of electrically induced epilepsy on physiological and biochemical parameters
Alterations in various biochemical parameters have been previously linked with stress exposure and stress-coping behavioral patterns. 35, 36 No significant differences in adrenal gland weight, serum corticosterone levels, or serum oxytocin levels were observed between groups. A significant difference in serum BDNF levels was observed between experimental groups ( Figure S4 , F 2, 26 = 3.67, P = 0.039). However, post hoc analyses with Bonferroni correction failed to confirm significant differences between the individual groups.
| Cross-correlation between PET and other measured variables
A Spearman cross-correlation analysis was performed, using all animals from all groups, to assess the relationship between μPET measurements, seizure data, and behavioral and biochemical analyses ( Figure 6A ). Here, we only and white box (A-D, total n = 28; naive, n = 12; sham, n = 8; epilepsy, n = 8) and elevated plus maze (E-H, total n = 22; naive, n = 10; sham, n = 6; epilepsy, n = 6). A-D, In the black and white box, epileptic animals showed a significantly increased latency to enter the black side after introduction into the black and white box (B); no differences between groups were observed in the time spent in the white box (A), number of entries into the white box (C), or frequency of stretching postures (D). E-H, In the elevated plus maze, epileptic animals spent significantly more time in both the entire open arms (E) and the outer one-third of the open arms (F) compared to naive animals and exhibited significantly more head dips compared to both control groups (G). No significant differences were observed in the total distance moved (H). Error bars indicate standard error of the mean. * = P < 0.05 highlight significant correlations with a coefficient > 0. 
| DISCUSSION
In the current study, we confirmed that epilepsy development in the electrical post-SE model manifests with features of neurobehavioral alterations commonly observed in clinical epilepsy. In particular, rats with epilepsy exhibited enhanced activity levels in the open field, reduced engagement in nonessential luxury behavior, altered behavioral patterns in anxiety-associated tests, reduced social interaction, and reduced saccharine consumption. MPPF binding. Taken together, these data support the use of neuroimaging markers and additionally the suitability of the electrical post-SE model for studies exploring epilepsyassociated psychiatric comorbidities.
To date, only a limited number of clinical PET studies have focused on the association between alterations in glucose metabolism and psychiatric comorbidities in patients with epilepsy. These studies provided evidence for a link between depressive symptoms in epilepsy patients and an ipsilateral orbitofrontal, a bilateral inferior frontal, or a left temporal lobe hypometabolism. [8] [9] [10] In our study, hippocampal hypometabolism was observed in rats with epilepsy and the extent of this hypometabolism correlated with various behavioral parameters. In particular, reduced regional glucose consumption was associated with hyperactivity, reduced burrowing behavior and risk assessment, and alterations in anxiety-associated behavior. The behavioral patterns that correlated best with hippocampal hypometabolism reflect the most common psychiatric comorbidities seen in patients with epilepsy, that is, mood and anxiety disorders. 2 Additionally, we observed a correlation with locomotor activity in the open field test. Hyperactivity in this paradigm may reflect attention deficit-hyperactivity disorder, which occurs with increased prevalence in patients with epilepsy. In this context, it is of interest that the relationship between epilepsy and attention deficit-hyperactivity disorder is considered bidirectional, as patients with attention deficit-hyperactivity disorder also have a higher risk of developing epilepsy. 37 Interestingly, no correlation was detected between hippocampal glucose metabolism and seizure frequency or duration. Thus, our results suggest that following epilepsy manifestation, hippocampal hypometabolism may constitute a marker of neurobehavioral alterations, as opposed to a marker of seizure severity. A recent study in the chemically induced pilocarpine post-SE model has similarly described a correlation between reduced [ 18 F]FDG uptake and a depressivelike phenotype. 38 The authors reported a global reduction in [ 18 F] FDG uptake as opposed to the region-specific reduction indicated by our results. This discrepancy might be explained by differences between the models as well as other influencing experimental factors such as the time points investigated. Hippocampal hypometabolism has additionally been reported in a kainic acid 39 epilepsy model and a model of traumatic brain injury-induced epilepsy. 40 In the latter study, behavioral correlates were also investigated and rats with traumatic brain injury demonstrated increased anxiety. This contrasts with our observation of decreased anxiety, which may indicate model differences.
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However, it should also be noted that we observed hyperactivity in rats with epilepsy and this may have masked changes in anxiety measures in tests such as the elevated plus maze and black-white box. The difficulty in estimating true anxiety levels in different epilepsy models is known 41 and is in line with studies reporting both increases 42, 43 and decreases in anxiety-associated behavior. [44] [45] [46] The current findings are supported by a previous study from our laboratory, in which we demonstrated reduced glucose metabolism in the hippocampus and thalamus of pilocarpine-treated rats. 47 Interestingly, thalamic [ 18 F]FDG correlated with seizure frequency and duration in both the pilocarpine-induced and the electrically induced post-SE model, whereas in both models hippocampal [ 18 F]FDG did not. Thus, both investigations suggest thalamic metabolism as a marker of epilepsy severity. Considering that the model used results in neuronal cell loss in hippocampal subregions, the observed hippocampal hypometabolism might be related to neurodegeneration. In this context, it is of interest that neuronal damage and associated neuroinflammation are considered key contributors to psychiatric comorbidities in patients and behavioral In view of the limited number of animals, we would like to emphasize that these data should be considered pilot findings and the findings from these experiments should be confirmed in further studies. There is considerable interest in the application of 5HT 1A receptor imaging as a biomarker for psychiatric comorbidities. 6, 48 In patients with temporal lobe epilepsy, a negative correlation between 5HT 1A receptor binding and the severity of depression has been reported in mesial temporal structures and the insula. 17, 49 In the present study, a significant increase of septal our current findings do not support a biomarker potential for any of these biochemical parameters; a more in-depth dissection of the functioning of the hypothalamic-pituitaryadrenal axis would be advised in future studies, using for example the dexamethasone suppression test. Considering that behavioral symptoms significantly contribute to the burden of experimental animals with spontaneous seizures, our data also provide valuable information for the validation of distress biomarkers and the development of unbiased evidence-based severity assessment schemes. For the majority of parameters, animals with epilepsy differed significantly from both naive and sham operated animals, suggesting a negligible long-term effect of electrode implantation on animal welfare. The exception is in the time spent on the open arms of the elevated plus maze. Here, animals with epilepsy differed from naive animals but no difference was found between the sham and epilepsy groups, indicating a potential long-term effect of the electrode implantation. The need for an improved basis for assessment of distress and the implementation of minimal distress conditions is implemented in the European Directive 2010/63 and has been discussed for epilepsy models by Lidster and colleagues. 50 Based on our results, objective imaging parameters might in particular provide information for animal welfare-based model selection and an assessment of refinement measures. A note needs to be made concerning the use of females in the current study.
For both the determination of robust markers used for animal welfare assessment as well as for the assessment of comorbidities in epilepsy, female rats were chosen because of their higher variance. In future studies, parameters found will be tested for their validity in males to assess potential sex differences.
In conclusion, hippocampal hypometabolism in animals with epilepsy indicated by a decrease in [ 18 F]FDG uptake exhibited a significant correlation with behavioral alterations, which may reflect psychiatric comorbidities in patients with epilepsy. The lack of correlation between [ 18 F]FDG uptake and seizure data indicates that imaging analysis of glucose metabolism might serve as a noninvasive biomarker candidate for psychiatric comorbidities in epilepsy patients and for severity assessment in rodent epilepsy models.
